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What do we expect at the Weak scale?
Higgs mass (hence EW scale) sensitive to high scale physics

Supersymmetry (superpartners)

Extra Dimensions (Kaluza-Klein modes)

Higgs as pseudo NGB

Naturality: cutoff at around TeV new physics!

Look for new particles at high-energy colliders. Theories predict 
specific relations between new and observed particles.

Exciting prospect of seeing extra dimensional nature at colliders 

Often new interactions are related to SM ones

Lorentz transformation properties predicted: spins

But also lots of "model building freedom" and new parameters

Maybe a glimpse into even higher energies



Outline

Overview of selected X-Dim. scenarios

Can we see several KK levels?

Conclusions

A six-dimensional example: UED's

Missing energy signals

Resonances 



Large "Gravitational" Dimensions

ADD:          flat, compact extra dimensionsδ

Quantum gravity effects may lurk near the EW scale!

Invisible to SM, but accesible to gravity

M
2
Pl = VδM

2+δ

D MD = O(TeV)

(Arkani-Hamed, Dimpoulous & Dvali)

ppModifications of       production in           and       collisionsff̄ e
+
e
−

(Giudice, Rattazzi & Wells,
 Mirabelli, Perelstein & Peskin, ...)

At LHC: Drell-Yan and diphoton production can probe scales 
up to a few TeV, depending on   .δ

Graviton emisson: pp → jet+"ET qg → qG(               )

Almost a continuum of KK graviton states, with Planck suppressed couplings

Well defined couplings to matter:
1

Λ2

H

T
µν

Tµνor
1

MPl

hµνT
µν



Solves hierarchy problem if Higgs on IR brane. Also                            .M
2
Pl ≈

M3

k
e
2kπrc

Signal very sensitive to fermion localization

Understand fermion mass hierarchies
Suppress proton decay or dangerous FCNC effects

Light fermions may be away from IR brane

But gauge and fermion KK towers

Warped Extra Dimensions
(Randall & Sundrum)

If SM fermions localized on IR brane:

Graviton resonances: 
EW scale masses and couplings

8.3 Warped extra dimensions

width is not too narrow, and determine their spin-2 nature via the angular distribu-
tions of the final-state lepton pairs [47] if enough statistics are available. An accurate
determination of the branching fractions for the graviton KK decays to various final
states will probe the universal T µν structure of the couplings and verify the produc-
tion of gravity. Numerical studies of such coupling determinations have yet to be
performed, but are likely to demonstrate the benefits of the LC even if the graviton
KK states are kinematically inaccessible at the LC and are produced indirectly; this is
in analogy to the Z ′ studies discussed in the previous chapter.

Figure 8.16: The cross section for e+e− → µ+µ− including the exchange of a KK tower of

gravitons in the RS model with m1 = 500 GeV. The various curves correspond to k/MP l in

the range 0.01 − 0.1. From [46].

If the KK gravitons are too massive to be produced directly, their contributions to
fermion pair production may still be felt via virtual exchange. In this case, the uncer-
tainties associated with a cut-off (as present in the large extra dimensions scenario)
are avoided, since there is only one additional dimension and thus the KK states may
be neatly summed. The resulting sensitivity to the scale Λπ at the LHC and LC is dis-
played in Table 8.5. We see that the reach of the 500 GeV LC is complementary to that
of the LHC and that a 1 TeV LC extends the discovery reach of the LHC. This degree
of sensitivity to virtual graviton KK exchange at the LC implies that the KK coupling
measurements discussed above should be viable.

8.3.2 Extensions of the RS model

• Extended Manifolds

From a theoretical perspective, the RS model may be viewed as an effective theory
whose low energy features originate from a full theory of quantum gravity, such as

459

e
+
e
−

→ µ
+
µ
−

(from Davoudiasl, Hewett & Rizzo)

Important constraints from EWPM
Mixing due to localized Higgs

First KK level may be within reach of LHC

(Carena, E.P,Tait & Wagner)
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Bulk Gauge Fields in TeV X-Dim
Gauge interactions get strong near the compactification scale

Cutoff scale Λ → Higher dimensional effective theory 
breaks down near the weak scale

Hierarchy problem alleviated. 

In general, “little hierarchy problem” remains

Matter fields localized at certain points in extra dimensions

All SM fields delocalized

tree-level couplings to gauge fields

Important constraints from EWPM: 1/R > 5 TeV

Present collider bounds: 1/R > 1-2 TeV (Cheung & Landsberg)
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Forcecarriers

Combined 
7 TeV at 95% C.L.

Present constraints on the order of a few 100 GeV

Potential production of several KK levels!

Universal Extra Dimensions

(Cheng, Matchev & Schmaltz)

Some similarities with SUSY models with a degenerate spectrum

“Small” EW corrections

Superpartners First KK level states

R-parity KK-parity



Why 6 Dimensions?

Discrete symmetries of the compactified theory

ZKK
2 : KK-Parity LKP is stable (similar to 5D)

These symmetries are tightly related to the higher
dimensional Lorentz invariance

Interesting theoretical constraints:

(Appelquist, Dobrescu, E.P. & Yee)

: Z8

Neutrinos are Dirac fermions

Nucleon decay suppressed

(Dobrescu & Poppitz)

Anomalies
predicts right-handed neutrinos
generations a multiple of three



Useful to distinguish between 

Tree-level effects

Loop-level effects



Tree-level Structure

In detail: 1/R,
√

2/R, 2/R, . . .
(1,0) (1,1) (2,0)

does not exist in 5D

n-th KK level states degenerate at tree-level

KK number conservation: related to momentum conservation
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M2

j,k =
j2 + k2

R2
Tree-level spectrum:

Couplings determined by wavefunction profiles (boundary cond.)

At tree-level: only pair production of KK modes!



Radiative corrections

Theory has a cutoff at                      (when QCD gets strong)Λ ∼ O(10)/R

x4

x5

3π/2

3π/2

π/2

π/2

– p. 2/12

Low-energy chiral theory requires "singularities"

Λ"Known" physics below    (loop induced and logarithmically 
enhanced)

Localized operators and new effects!

Mass splittings: depend on quantum numbers
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New interactions, e.g.

ΛUnknown UV completion at     (assume NDA philosophy)

Localized operators receive contributions from

PKK = (−1)j+k



KK Spectrum in 6D

δMF
j,k =

1

16π2
ln

Λ2

µ2
CF Mj,k

1-loop leading order mass corrections take the form

Take these as a guide keeping in 
mind theoretical uncertainties
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(E.P. & Wang)

(1,1) level states

Quarks and gluons should receive larger corrections than
leptons and electroweak gauge bosons.



Scalars from Gauge fields

Spin-1

Spin-0

AM → A(n)
µ , A

(n)
i

Interactions constrained by KK-parity and gauge invariance

One linear combination eaten by the 
massive gauge fields        Higgs Mech.

5D: nothing left

6D and higher: new scalars

"Spinless Adjoints"

Interesting possibility: the Higgs from               enlarge gauge groupAM

No dimension-4 couplings to fermions or gluons

Higher dimension operators, e.g.

QΓ
M

Γ
N

Γ
LQ ∂MGNL GMNG

NL
G

M

L
or

Consider SM gauge group:

G
a
H W

±

H
W

3

H BH



Scalars from Gauge fields

couplings proportional to mq

The couplings to gluons vanish!

The KK-parity even spinless adjoints are hard to produce 
from      or      initial statesqq gg

But they can be produced in decays of KK quarks or fermions

They decay into top quarks almost always!

fabcGµν
a Gb

µν G
(j,k)c
H = 0

(qγµT aq) ∂µG
(j,k)a
H

No chirality flip

Couplings to fermions exist if                     :(−1)j+k = +1

In 6D, the LKP is expected to be           , a scalarB
(1,0)
H



Pair Production: the SUSY-like case

Involves KK-number conserving interactions

Heavier KK states (phase space suppression)

1st level states: cascade decays to LKP

Strong production of Q1Q1

Soft jets         hard!

look for 3 or more lepton 
plus missing energy signal

(from Cheng, Matchev & Schmaltz)

4

KK W - and Z-bosons.— With their hadronic decays
closed, W±

1 and Z1 decay democratically to all lepton
flavors: B(W±

1 → ν1L
±
0 ) = B(W±

1 → L±
1 ν0) = 1

6
and

B(Z1 → ν1ν̄0) = B(Z1 → L±
1 L∓

0 ) " 1
6

for each genera-
tion. Z1 → "±1 "∓0 decays are suppressed by sin2 θ1.

KK leptons.— The level 1 KK modes of the charged
leptons as well as the neutrinos decay directly to γ1.
As a result W±

1 and Z1 always effectively decay as
W±

1 → γ1L
±
0 ν0 and Z1 → γ1L

±
0 L∓

0 or Z1 → γ1ν0ν̄0,
with relatively large e and µ yields.

KK Higgs bosons.— Their decays depend on their
masses. They can decay into the KK W , Z bosons or
KK t, b quarks if they are heavier and the phase space
is open. On the other hand, if they are lighter than W1,
Z1, t1, b1 (as in the example of Fig. 1), their tree-level
two-body decays will be suppressed. Then they will de-
cay to γ1 and the corresponding virtual zero-level Higgs
boson, or to γ1γ0 through a loop.

We are now in shape to discuss the optimum strategy
for MUEDs KK searches at hadron colliders. Level 1
KK states necessarily have to be pair produced, due to
KK parity conservation. The approximate mass degen-
eracy at each level ensures that strong production dom-
inates, with all three subprocesses (quark-quark, quark-
gluon and gluon-gluon) having comparable rates [8, 12].

For an estimate of the reach at the Tevatron or the
LHC, we need to discuss the final state signatures and
the related backgrounds. The signature with the largest
overall rate is #ET +N ≥ 2 jets, which is similar to the tra-
ditional squark and gluino searches [13]. It arises from
inclusive (direct or indirect) q1q1 production. Roughly
one quarter of the total strong production cross-section
σhad

tot materializes in q1q1 events. However, in spite of the
large missing mass in these events, the measured missing
energy is rather small, since it is correlated with the en-
ergy of the relatively soft recoiling jets. As a conservative
rough guide for the discovery reach we can use existing
studies of the analogous supersymmetric case. One might
expect that Run II can probe R−1 ∼ 300 GeV [14] while
the LHC reach for R−1 is no larger than 1.2 TeV [15].
While the jetty signatures can be potentially used for dis-
covery, further studies in an MUEDs context are needed.
Here we prefer to discuss the much cleaner multilepton
final states arising from diboson (W±

1 or Z1) production.
Consider inclusive Q1Q1 production, whose cross-

section also roughly equals 1
4
σhad

tot . The subsequent de-
cays of Q1’s yield W±

1 W±
1 , W±

1 Z1 and Z1Z1 pairs in pro-
portion 4 : 4 : 1. The W±

1 and Z1 decays in turn provide
multilepton final states with up to 4 leptons plus missing
energy, all of which may offer the possibility of a discov-
ery. In the following we concentrate on the gold-plated
4" #ET signature.

We shall conservatively ignore additional signal con-
tributions from direct diboson production and Q1W

±
1

or Q1Z1 processes. For the Tevatron we use the sin-
gle lepton triggers pT (") > 20 GeV and |η(e)| < 2.0,
|η(µ)| < 1.5; or the missing energy trigger #ET > 40 GeV.
Because the channel is very clean, we use relatively soft

FIG. 4: Discovery reach for MUEDs at the Tevatron (blue)
and the LHC (red) in the 4! !ET channel. We require a 5σ

excess or the observation of 5 signal events, and show the
required total integrated luminosity per experiment (in fb−1)
as a function of R

−1, for ΛR = 20. (In either case we do not
combine the two experiments).

off-line cuts, pT (") > {15, 10, 10, 5} GeV, |η(")| < 2.5 and
#ET > 30 GeV. The remaining physics background comes
from ZZ → "±"∓τ+τ− → 4" #ET where Z stands for a
real or virtual Z or γ [16], and can be reduced by invari-
ant mass cuts for any pair of opposite sign, same flavor
leptons: |m!! − MZ | > 10 GeV and m!! > 10 GeV. As
a result, the expected background is less than 1 event in
all of Run II and we require 5 signal events for discovery.
The reach is shown in Fig. 4. We see that Run IIb of
the Tevatron will go slightly beyond the current indirect
bounds (R−1 > 300 GeV) from precision data [1].

For the LHC we use pT (") > {35, 20, 15, 10} GeV with
|η(")| < 2.5, which is enough for the single lepton trig-
ger. In addition, we require #ET > 50 GeV and the same
dilepton invariant mass cut. There are now several rele-
vant background sources, including multiple gauge boson
and/or top quark production [17], fakes, leptons from b-
jets etc. We conservatively assume a background level of
50 events after cuts per 100 fb−1 (1 year of running at
high luminosity). Our LHC reach estimate is presented
in Fig. 4. Without combining experiments, we plot the
total integrated luminosity L required for either an ob-
servation of 5 signal events or a 5σ excess over the back-
ground. The reach, shown as a solid line, is defined as
the larger of the two and extends to R−1 ∼ 1.5 TeV.

Other leptonic channels such as two or three leptons
with #ET may also be considered. They have more back-
grounds but take advantage of the larger branching frac-
tion for Q1 → W±

1 Q′
0 and offer higher statistics, which

may prove useful especially for the case of the Tevatron.
In conclusion, note that at a hadron collider all signals

from level 1 KK states look very much like supersym-
metry – all SM particles have “partners” with similar
couplings, and identifying the extra-dimensional nature

Decays into        and             leptonsW
±
1

Z1

“Gold-plated” mode: !ET + 4 leptons
Q1 → W1q

L1l
B1l

– p. 16/16

Spin Measurements at hadron collider are challenging!
(Smillie and Weber;
 Datta, Kong & Matchev)



Vector Mode Production at the Tevatron

Single production (through KK violating interactions) 
of (1,1) and (2,0) states, e.g.
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gsCqG (qγµT aq) G(1,1)a
µ

Couplings to fermions

controlled by independent
fundamental parameters

Mass shifts
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CqG = 0.1

(Dobrescu, E.P & Burdman)

qq̄ → G(1,1)
µ ,W (1,1)3

µ , B(1,1)
µ



Resonances at the Tevatrontt
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FIG. 5: Production of W 3
µ and Bµ (1,1) modes, followed by

representative decays.

given in Tables IV and III. These vector (1,1) modes

are leptophobic (only B(1,1)
µ has a potentially interesting

branching fractions of about 1% into each lepton pair),
but have rather large branching fractions into tt̄ pairs, ei-
ther directly or via cascade decays as explained at the end
of Section III E. Altogether there are six resonances that
can be produced in the tt̄ invariant mass distribution:
the vector and spinless (1,1) modes of the gluon and of
the two electroweak gauge bosons. However, the decay

G(1,1)
µ → tt̄ has a negligible branching fraction. There-

fore, we will concentrate on the tt̄ peaks at the masses

of G(1,1)
H , W (1,1)3

µ , B(1,1)
µ , W (1,1)3

H and B(1,1)
H . These

are given by 1.10M1,1, 1.08M1,1, 0.98M1,1, 0.95M1,1 and
0.86M1,1, where M1,1 =

√
2/R.

The spinless (1,1) gluon, G(1,1)
H , is produced only in

cascade decays of the vector (1,1) gluon, as shown in
Figure 4, the electroweak spinless adjoints are produced

in the cascade decays of both W (1,1)3
µ (see Figure 5) and

G(1,1)
µ , while the electroweak vector modes are produced

both in cascade decays and directly, as shown in Figure 5.
The cross sections for producing tt̄ pairs with an invariant
mass corresponding to the five resonances are given by

σtt̄

(
G(1,1)

H

)
= σ(Gµ) bG(GH) ,

σtt̄

(
W (1,1)3

µ

)
=

[
σ(Gµ) bG

(
W 3

µ

)
+ σ

(
W 3

µ

)]
bW (tt̄) ,

σtt̄

(
B(1,1)

µ

)
=

[
σ(Gµ) bG(Bµ) + σ

(
W 3

µ

)
bW (Bµ)

+σ(Bµ) ] bB(tt̄) ,

σtt̄

(
W (1,1)3

H

)
= σ(Gµ) bG

(
W 3

H

)
+ σ

(
W 3

µ

)
bW

(
W 3

H

)
,

σtt̄

(
B(1,1)

H

)
= σ(Gµ)

[
bG(BH) + bG

(
W 3

µ

)
bW (BH)

]
+σ

(
W 3

µ

)
bW (BH) . (4.12)
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FIG. 6: Cross section for the production of tt̄ pairs at the
Tevatron from the three distinct mass peaks: G(1,1)

H +W (1,1)3
µ

(top, solid line), W (1,1)3
H +B(1,1)

µ (middle line) and B(1,1)
H (bot-

tom line).

where we introduced the short-hand notations

σ(Vµ) ≡ σ
(
pp̄ → V (1,1)

µ X
)

, (4.13)

for the production cross-sections shown in Figure 3, and

bG(V ) ≡ Br
(
G(1,1)

µ → V (1,1) + jets
)

,

bW(V ) ≡ Br
(
W (1,1)3

µ → V (1,1) + leptons
)

,

bV (tt̄) ≡ Br
(
V (1,1)

µ → tt̄
)

. (4.14)

for the branching fractions given in Tables IV and III.
In Eqn. (4.12) we have used branching fractions of 100%
for electrically-neutral spinless adjoints into tt, which is
a reasonably good approximmation.

Additional contributions to the tt peaks at the B(1,1)
µ ,

W (1,1)3
H and B(1,1)

H masses come from s-channel produc-

tion of W (1,1)±
µ followed by cascade decays similar to the

one in Figure 5. However, the relevant branching frac-

tions for W (1,1)±
µ are at most a few percent, and for sim-

plicity we ignore them.
The five resonances described above are very narrow,

but cannot be separately resolved at hadron collider ex-
periments. At CDF and D0, the tt̄ pair mass resolution
is expected to be around 10%, so one could hope for at
most three distinct peaks. The heaviest one corresponds

to the G(1,1)
H and W (1,1)3

µ resonances which have masses
2% apart, with an average of 1.09M1,1. Then, there is a

peak at 0.97M1,1, composed of W (1,1)
H and B(1,1)

µ , whose
masses separated by 3% cannot be resolved experimen-

tally. The third peak, due to B(1,1)
H , is at 0.86M1,1.

In Figure 6 we plot the cross sections for tt̄ pairs com-
ing from the three mass peaks. The current preliminary
limits at the 95% confidence level from D0 [20] and CDF
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FIG. 3: Production cross sections for (1, 1) vector modes in
the s channel at the Tevatron, as a function of their mass. The
solid line is for G(1,1)

µ , while the dashed and dotted (lowest)

lines are for W (1,1)3
µ and B(1,1)

µ , respectively (accidentally, the
cross sections for these two are close to each other such that
they might not be distinguishable).

dominates at the Tevatron); iii) exact NLO and next-
to-next-to-leading order QCD corrections. However, we
expect our estimate to be correct up to a factor of less
than 2, which is sufficient for the purpose of deciding
whether a search for (1,1) modes at the Tevatron is useful.

The production cross sections for the s-channel pro-

cesses qq̄ → W (1,1)3
µ , B(1,1)

µ → q′q̄′ may be computed in a
similar fashion. The differential cross sections for these
two processes are given by

dσ̂W

d(cos θ)
=

πα2
(
CG

)4

128 sin4θw

(
ξW
q ξW

q′

)2
fq′(cos θ)

× ŝ(
ŝ − M2

W (1,1)

)2
+ M2

W (1,1)Γ
2
W

, (4.5)

dσ̂B

d(cos θ)
=

πα2
(
CG

)4

128 cos4θw

ŝ(
ŝ − M2

B(1,1)

)2
+ M2

B(1,1)Γ
2
B

×
[ (

aqLaq′

L
+ aqRaq′

R

)
fq′(cos θ)

+
(
aqRaq′

L
+ aqLaq′

R

)
fq′(− cos θ)

]
(4.6)

where the function that encodes the angular distribution
has the following form:

fq(y) = (1 + y)2 − 2
(
1 + 4y + 3y2

) m2
q

ŝ
+ O

(
m4

q/ŝ2
)

.

(4.7)
Note that we keep the dependence on the final-state
quark masses, which is useful for the decay into tt. The
parameters aqL , aq′

L
, aqR , aq′

R
are products of hyper-

charges and ξ parameters:

aq =
(
ξB
q yq

)2
. (4.8)
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FIG. 4: Production of the vector (1,1) gluon followed by a
cascade decay. The • stands for a KK number-violating cou-
pling. Other diagrams having the same topology exist: the
U (1,1)

− quark KK mode may be replaced by D(1,1)
− , Q(1,1)

+ , or
the corresponding antiquarks; in addition the spinless gluon
G(1,1)

H may be replaced by B(1,1)
µ or B(1,1)

H , and in the case

where the quark KK mode is an SU(2)W doublet, by W (1,1)3
µ

or W (1,1)3
H .

The parton-level production cross sections are given in
the narrow width approximation by

σ̂
(
qq̄ → W (1,1)3

µ

)
=

π2α
(
ξW
q CG

)2

12 sin2θw MW (1,1)

δ
(√

ŝ − MW (1,1)

)
(4.9)

σ̂
(
qq̄ → B(1,1)

µ

)
=

π2α
(
CG

)2

12 cos2θw MB(1,1)

(aqL + aqR)

× δ
(√

ŝ − MB(1,1)

)
. (4.10)

The total production cross-section at the Tevatron are
given by

σ
(
pp̄ → W (1,1)3

µ

)
=

π2α
(
CG

)2

6 sin2θw s

∑
q

(
ξW
q

)2

× tq
(
M2

W (1,1)
µ

/s
)

σ
(
pp̄ → B(1,1)

µ

)
=

π2α
(
CG

)2

6 cos2θw s

∑
q

(aqL + aqR)

× tq
(
M2

B(1,1)
µ

/s
)

, (4.11)

and are shown in Figure 3. Note that the B(1,1)
µ produc-

tion is suppressed compared to W (1,1)3
µ production by a

tan2θw factor, but it is also enhanced by the larger values
of the ξ parameters, such that the curves representing the
two cross sections are very close to each other.

B. Peaks in the invariant mass distributions

Once produced at the Tevatron, the G(1,1)
µ , W (1,1)3

µ ,

and B(1,1)
µ would decay with the branching fractions

or also
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FIG. 5: Production of W 3
µ and Bµ (1,1) modes, followed by

representative decays.

given in Tables IV and III. These vector (1,1) modes

are leptophobic (only B(1,1)
µ has a potentially interesting

branching fractions of about 1% into each lepton pair),
but have rather large branching fractions into tt̄ pairs, ei-
ther directly or via cascade decays as explained at the end
of Section III E. Altogether there are six resonances that
can be produced in the tt̄ invariant mass distribution:
the vector and spinless (1,1) modes of the gluon and of
the two electroweak gauge bosons. However, the decay

G(1,1)
µ → tt̄ has a negligible branching fraction. There-

fore, we will concentrate on the tt̄ peaks at the masses

of G(1,1)
H , W (1,1)3

µ , B(1,1)
µ , W (1,1)3

H and B(1,1)
H . These

are given by 1.10M1,1, 1.08M1,1, 0.98M1,1, 0.95M1,1 and
0.86M1,1, where M1,1 =

√
2/R.

The spinless (1,1) gluon, G(1,1)
H , is produced only in

cascade decays of the vector (1,1) gluon, as shown in
Figure 4, the electroweak spinless adjoints are produced

in the cascade decays of both W (1,1)3
µ (see Figure 5) and

G(1,1)
µ , while the electroweak vector modes are produced

both in cascade decays and directly, as shown in Figure 5.
The cross sections for producing tt̄ pairs with an invariant
mass corresponding to the five resonances are given by

σtt̄

(
G(1,1)

H

)
= σ(Gµ) bG(GH) ,

σtt̄

(
W (1,1)3

µ

)
=

[
σ(Gµ) bG

(
W 3

µ

)
+ σ

(
W 3

µ

)]
bW (tt̄) ,

σtt̄

(
B(1,1)

µ

)
=

[
σ(Gµ) bG(Bµ) + σ

(
W 3

µ

)
bW (Bµ)

+σ(Bµ) ] bB(tt̄) ,

σtt̄

(
W (1,1)3

H

)
= σ(Gµ) bG

(
W 3

H

)
+ σ

(
W 3

µ

)
bW

(
W 3

H

)
,

σtt̄

(
B(1,1)

H

)
= σ(Gµ)

[
bG(BH) + bG

(
W 3

µ

)
bW (BH)

]
+σ

(
W 3

µ

)
bW (BH) . (4.12)

400 500 600 700 800 900 1000 1100
10!1

100

101

102

103

104

σ
(

pp
→

V
(1

,1
)
→

tt
)

[f
b
]

M
`
tt

´
[GeV]

FIG. 6: Cross section for the production of tt̄ pairs at the
Tevatron from the three distinct mass peaks: G(1,1)

H +W (1,1)3
µ

(top, solid line), W (1,1)3
H +B(1,1)

µ (middle line) and B(1,1)
H (bot-

tom line).

where we introduced the short-hand notations

σ(Vµ) ≡ σ
(
pp̄ → V (1,1)

µ X
)

, (4.13)

for the production cross-sections shown in Figure 3, and

bG(V ) ≡ Br
(
G(1,1)

µ → V (1,1) + jets
)

,

bW(V ) ≡ Br
(
W (1,1)3

µ → V (1,1) + leptons
)

,

bV (tt̄) ≡ Br
(
V (1,1)

µ → tt̄
)

. (4.14)

for the branching fractions given in Tables IV and III.
In Eqn. (4.12) we have used branching fractions of 100%
for electrically-neutral spinless adjoints into tt, which is
a reasonably good approximmation.

Additional contributions to the tt peaks at the B(1,1)
µ ,

W (1,1)3
H and B(1,1)

H masses come from s-channel produc-

tion of W (1,1)±
µ followed by cascade decays similar to the

one in Figure 5. However, the relevant branching frac-

tions for W (1,1)±
µ are at most a few percent, and for sim-

plicity we ignore them.
The five resonances described above are very narrow,

but cannot be separately resolved at hadron collider ex-
periments. At CDF and D0, the tt̄ pair mass resolution
is expected to be around 10%, so one could hope for at
most three distinct peaks. The heaviest one corresponds

to the G(1,1)
H and W (1,1)3

µ resonances which have masses
2% apart, with an average of 1.09M1,1. Then, there is a

peak at 0.97M1,1, composed of W (1,1)
H and B(1,1)

µ , whose
masses separated by 3% cannot be resolved experimen-

tally. The third peak, due to B(1,1)
H , is at 0.86M1,1.

In Figure 6 we plot the cross sections for tt̄ pairs com-
ing from the three mass peaks. The current preliminary
limits at the 95% confidence level from D0 [20] and CDF

9

!(pp -> X(1,1)) [fb]-
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FIG. 1: Production cross sections for (1, 1) KK modes in the
s channel, as a function of the X(1,1) mass. The solid line the
G

(1,1)
µ production cross section for CqG = 0.1. The dashed line

corresponds to the W
(1,1)3
µ production. The lowest (dotted)

curve is for the the B
(1,1)
µ .
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FIG. 2: Production of the gluon (1,1) mode followed by a
cascade decay. The • stands for a KK number-violating cou-
pling. Other diagrams having the same topology exist: the
gluon vector-mode G

(1,1)
µ may be replaced by the spinless ad-

joint G
(1,1)
H , the U

(1,1)
−

quark KK mode may be replaced by

D
(1,1)
−

or the corresponding antiquarks, and the KK mode of

the hypercharge gauge boson B
(1,1)
ν may be replaced by B

(1,1)
H .

A similar cascade decay proceeds through a (1,1) quark that
is an SU(2)W doublet, and then through a W 3 (1,1) mode.
Q stands for t or b.

an estimate of the KK violating couplings the expressions
in Eqns.(2.18) and (??). The resulting cross sections for

W (1,1)3
µ and B(1,1)

µ at the Tevatron with
√

s = 1.96 TeV
are given by the dashed and dotted lines in Figure 1, re-
spectively. It should be noted that although the produc-

tion cross section for the G(1,1)
µ appears to be the largest,

for a given value of 1/R the W (1,1)3
µ cross section could

be comparable or even larger than that of G(1,1)
µ since

the latter is about 20% heavier than the former.
We now estimate the number of tt̄ and hard b-jet events

at the Tevatron from the above described processes.
In Figure 3 we plot the sum of the production cross

!(pp -> X(1,1) -> t t / b b)     [fb]- - -

M
tt
 (M

bb
)    [GeV]
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FIG. 3: The solid (dashed) line is the sum of the cross sections

for the B
(1,1)
µ and W

(1,1)3
µ (including the ones from s-channel

G
(1,1)
µ production and subsequent cascade decays), times their

branching fractions to tt̄ (bb̄), vs. the mass of the tt̄ (bb̄)
resonance. Multiplying by integrated luminosity gives the
number of tt̄ (bb̄) events on the resonance mass (an average
of the experimentally unresolved MB and MW3).

sections of B(1,1)
µ and W (1,1)3

µ , times their branching frac-
tions to tt̄ (bb̄), vs. the mass of the tt̄ (bb̄) resonance. This

includes the ones coming from the s-channel G(1,1)
µ pro-

duction and subsequent cascade decays considered in the
discussion leading to Eq.(3.18).

The solid line corresponds to the processes where the

B(1,1)
µ and W (1,1)3

µ decay to a tt̄ pair, with the phase
space suppression resulting from the top mass taken into
account. The dashed line corresponds to the bb̄ pairs.
Since the appearance of a high mass resonance in the tt̄
mass spectrum has very small background, this should
be the first observed mode. In order to estimate the
reach of the Tevatron, we plot in Figure 3 the horizon-
tal lines corresponding to 5 events with 1fb−1 (upper)
and 5fb−1 (lower) of accumulated luminosity. Thus,
the reach for 1fb−1 is approximately Mtt̄ ∼ 920 GeV,

which –interpreted as the unresolved resonance of B(1,1)
µ

and W (1,1)3
µ combined– translates into a bound on the

UED compactification scale of 1/R > 650 GeV. In

terms of the mass of the G(1,1)
µ , this reach corresponds

to MG ∼ 1.12 TeV. For 5fb−1, the reach is approxi-
mately of Mtt̄ ∼ 1050 GeV which would give the bound
1/R > 740 GeV. This implies MG ∼ 1.3 TeV.

The appearance of the same resonance in the bb̄ chan-
nel at a similar rate, as well as further exploration of
the dijet channel –which should show the same peaks–
would provide further confirmation of the UED scenario.

On the other hand, the direct decay of G(1,1)
µ to tt̄ and

bb̄ results in a resonance at the higher mass MG. How-
ever, from Figure 1 and Eq.(3.19) we see that if MG is

EW gauge bosons can also decay into top pairs

14

decay modes G(1,1)
µ

G(1,1)
H + jets 60.5

W (1,1)3
H + jets 3.2

W (1,1)±
H + jets 6.1

B(1,1)
H + jets 4.8

W (1,1)3
µ + jets 4.3

W (1,1)±
µ + jets 7.0

B(1,1)
µ + jets 9.3

tt̄ 0.5

bb̄ 0.8

dijet (no bb̄) 3.3

TABLE IV: Branching fractions of G(1,1)
µ in percentage. The

final states involving (1,1) bosons are due to cascade decays
via a (1,1) quark. With the exception of the decays into

W (1,1)±
H,µ and tt̄, whose widths are computed for 1/R = 0.5

TeV, the branching fractions are only mildly dependent on
1/R.

IV. SIGNALS AT THE TEVATRON

In the absence of boundary terms, the conservation of
KK number implies that KK modes cannot be singly-
produced. In addition, as pointed out in Ref. [5] for
the 5D case, the nearly degenerate spectrum typically re-
sults in rather soft jets and lepton signals. However, KK-
number violating interactions such as those in Eqs. (2.4)
and (2.5), while still preserving ZKK

2 , allow for the pro-
duction of single (1, 1) states through their interactions
with zero modes. In what follows, we study the s-channel

production of the (1, 1) KK gluon G(1,1)
µ , as well as of

the electroweak gauge bosons W (1,1)3
µ and B(1,1)

µ . Their
subsequent decays give rise to interesting signals at the
Tevatron.

A. s-channel production of the (1,1) modes

Let us first consider the s-channel production of the

gluon vector mode G(1,1)
µ through the coupling to qq̄ pairs

given in Eq. (2.25). The differential cross section for the

s-channel process qq̄ → G(1,1)
µ → U (1,1)

−R
uR is given by

dσ̂G

d(cos θ)
=

πα2
s

36ŝ2

(
CG

)2

(
ŝ − M2

Q(1,1)

)2

(
ŝ − M2

G(1,1)

)2
+ M2

G(1,1)Γ
2
G

×
{[

ŝ (1 − cos θ)2 + M2
Q(1,1) sin2θ

] (
ξG
qL

)2

+
[
ŝ (1 + cos θ)2 + M2

Q(1,1) sin2θ
] (

ξG
qR

)2
}

.

(4.1)

where θ is the angle between the momenta of U (1,1)
−R

and
q, and ŝ is the energy of the parton collision, both defined
in the center of mass frame.

In the narrow width approximation, the parton-level
cross section for the production of a (1,1) gluon takes a
simple form:

σ̂
(
qq̄ → G(1,1)

µ

)
=

4π2αs

9MG

(
CG

)2
[(

ξG
qL

)2
+

(
ξG
qR

)2
]

×δ
(√

ŝ − MG(1,1)

)
. (4.2)

Integrating this partonic cross section over the parton
distribution functions, we find the inclusive cross sec-
tion. At the Tevatron, the total production cross-section
is given by

σ
(
pp̄ → G(1,1)

µ X
)

=
8π2αs

9s

(
CG

)2 ∑
q

tq
(
M2

G(1,1)/s
)

×
[(

ξG
qL

)2
+

(
ξG
qR

)2
]

. (4.3)

To leading order in αs,

tq(z) =

∫ 1

z

dx

x

[
q(x) q (z/x) + q(x) q (z/x)

]
. (4.4)

The parton distribution functions (PDF’s) q(x) and q(x)
are evaluated at the scale MG(1,1)/2, and

√
s = 1.96 TeV

in Run II. We use the CTEQ6 leading order PDF’s [16],
and a correction factor of K = 1.3 to approximate the
next-to-leading order (NLO) QCD corrections. This ap-
proximation is often used in the case of Z ′ production
(for a discussion of its accuracy, see Ref. [17]). Note that

W (1,1)3
µ and B(1,1)

µ fall into this category, whereas G(1,1)
µ

production has different color flow, so that a slightly dif-
ferent K factor may be necessary in that case; we will
not study this issue in what follows. The result is the
solid line shown in Figure 3.

We emphasize that this is only a rough estimate of
the vector mode production cross sections. We have not
included several corrections: i) the non-resonant process
induced by a t-channel exchange of a (1,1) gluon which
involves a single KK-number violating interaction; ii) s-
channel production of a (1,1) gluon from gluon fusion,
via dimension-6 operators (note that the qq̄ initial state

(1,1) excitations of the gauge bosons have large
BR into spinless adjoints, hence into tt
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Single production at the LHC

Vector Mode Production at the LHC
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Resonances at the LHC

FIG. 8: 5σ discovery reach for (a) γ2 and (b) Z2. We plot the total integrated luminosity L (in

fb−1) required for a 5σ excess of signal over background in the dielectron (red, dotted) or dimuon

(blue, dashed) channel, as a function of R−1. In each plot, the upper set of lines labelled “DY”

makes use of the single V2 production of Fig. 6 only, while the lower set of lines (labelled “All

processes”) includes indirect γ2 and Z2 production from n = 2 KK quark decays. The red dotted

line marked “FNAL” in the upper left corner of (a) reflects the expectations for a γ2 → e+e−

discovery at the Tevatron in Run II. The shaded area below R−1 = 250 GeV indicates the region

disfavored by precision electroweak data [31].

(red, dotted) or dimuon (blue, dashed) channel, as a function of R−1. In each panel in Fig. 8,

the upper set of lines labelled “DY” only utilizes the single V2 production cross-sections from

Fig. 6. The lower set of lines (labelled “All processes”) includes in addition indirect γ2 and

Z2 production from the decays of n = 2 KK quarks to γ2 and Z2 (we ignore secondary γ2

production from Q2 → Z2 → "2 → γ2). The shaded area below R−1 = 250 GeV indicates

the region disfavored by precision electroweak data [31]. Using the same cuts also for the

case of the Tevatron, we find the Tevatron reach in γ2 → e+e− shown in Fig. 8a and labelled

“FNAL”. For the Tevatron we use electron energy resolution ∆E/E = 0.01⊕0.16/
√

E [77].

The Tevatron reach in dimuons is worse due to the poorer resolution, while the reach for Z2

is also worse since mZ2
> mγ2

for a fixed R−1.

Fig. 8 reveals that there are good prospects for discovering level 2 gauge boson resonances

at the LHC. Already within one year of running at low luminosity (L = 10 fb−1), the LHC

will have sufficient statistics in order to probe the region up to R−1 ∼ 750 GeV. Notice that

23

FIG. 8: 5σ discovery reach for (a) γ2 and (b) Z2. We plot the total integrated luminosity L (in

fb−1) required for a 5σ excess of signal over background in the dielectron (red, dotted) or dimuon

(blue, dashed) channel, as a function of R−1. In each plot, the upper set of lines labelled “DY”

makes use of the single V2 production of Fig. 6 only, while the lower set of lines (labelled “All

processes”) includes indirect γ2 and Z2 production from n = 2 KK quark decays. The red dotted

line marked “FNAL” in the upper left corner of (a) reflects the expectations for a γ2 → e+e−

discovery at the Tevatron in Run II. The shaded area below R−1 = 250 GeV indicates the region

disfavored by precision electroweak data [31].

(red, dotted) or dimuon (blue, dashed) channel, as a function of R−1. In each panel in Fig. 8,

the upper set of lines labelled “DY” only utilizes the single V2 production cross-sections from

Fig. 6. The lower set of lines (labelled “All processes”) includes in addition indirect γ2 and

Z2 production from the decays of n = 2 KK quarks to γ2 and Z2 (we ignore secondary γ2

production from Q2 → Z2 → "2 → γ2). The shaded area below R−1 = 250 GeV indicates

the region disfavored by precision electroweak data [31]. Using the same cuts also for the

case of the Tevatron, we find the Tevatron reach in γ2 → e+e− shown in Fig. 8a and labelled

“FNAL”. For the Tevatron we use electron energy resolution ∆E/E = 0.01⊕0.16/
√

E [77].

The Tevatron reach in dimuons is worse due to the poorer resolution, while the reach for Z2

is also worse since mZ2
> mγ2

for a fixed R−1.

Fig. 8 reveals that there are good prospects for discovering level 2 gauge boson resonances

at the LHC. Already within one year of running at low luminosity (L = 10 fb−1), the LHC

will have sufficient statistics in order to probe the region up to R−1 ∼ 750 GeV. Notice that

23

(from Datta, Kong & Matchev)In 5D:

0.50 1.0 1.5 2.0 2.5 3.0 3.5
10!1

100

101

102

103

104

σ
(
pp

→
V

(1
,1

)
→

tt
)

[f
b

]

M
(
tt

)
[TeV]

– p. 11/12

(Dobrescu, E.P & Burdman)In 6D:

0.40 0.60 0.80 1.0 1.2 1.4
100

101

102

σ
(
pp

→
V

(1
,1

)
→

l+
l−

)
[f
b

]

M
(
l+l−

)
[TeV]

– p. 14/16



Conclusions

∼
√

2/RObservation of (1,1) level at               and (2,0) level at            
allows a clear distinction between 5D and 6D

∼ 2/R

We may see several KK levels in UED scenarios!

striking manifestation of extra dimensions

Extra dimensions at the TeV scale are well motivated, and can be 
observed at high-energy colliders

Should hold for          (small corrections) B
(1,1)
µ

New scalars in 6D with large couplings to tops

Look for bumps in     at the Tevatron and LHC!tt̄

The SUSY/UED "confusion" is probably resolvable at hadron 
colliders, even in the absence of a spin measurement

         resonance in dilepton channel also promisingB
(1,1)
µ


